OBJECTIVES: Most biliary atresia (BA) patients suffer from liver fibrosis and often require liver transplantation. The aim of this study was to develop and validate a novel fibrosis marker for BA patients aged o1 year-the infant BA liver fibrosis (iBALF) score -subsequent to the previously reported fibrosis marker for BA patients aged ≥ 1 year. METHODS: From three institutions for pediatric surgery, BA patients and their native liver histology examinations performed at the age of o1 year were retrospectively identified and assigned to a development cohort (58 patients and 73 examinations) or validation cohort (92 patients and 117 examinations) according to their institutions. Histological fibrosis stages (F0-F4), blood test results, and clinical information at the time of liver histology examination were reviewed. The iBALF score was determined using multivariate ordered logistic regression analysis and was assessed for its associations with histological fibrosis stages. RESULTS: The iBALF score equation was composed of natural logarithms, including serum total bilirubin level, blood platelet counts, and days of age. The score revealed a strong correlation with fibrosis stage (r = 0.80 and 0.73 in the development and validation cohorts, respectively; Po0.001). The areas under the receiver-operating characteristic curves for diagnosing each fibrosis stage were 0.86-0.94 in the development cohort and 0.86-0.90 in the validation cohort (Po0.001), indicating good diagnostic power. In addition, no patient with an iBALF score 46 (equivalent to F4) at the initial surgery survived with their native liver at 1 year of age (n = 9). CONCLUSIONS: The iBALF score that was developed was a good noninvasive marker of native liver fibrosis for BA patients aged o1 year.
INTRODUCTION
Biliary atresia (BA) is a common cause of pediatric cholestasis due to obliterative cholangiopathy that develops in 1/5,000-1/19,000 newborns and is the most common indication for pediatric liver transplantation. 1 Because rapid progression of liver fibrosis is a prominent feature of BA patients, early diagnosis and timely surgical correction of cholestasis are needed. 1, 2 In general, hepatoportoenterostomy is initially attempted to achieve initial bile drainage for most patients in whom the disease involves the bile duct at the porta hepatis (type 3 disease) and for whom a surgical anastomosis between the bile duct and the gastrointestinal tract cannot be created. 1 Although hepatoportoenterostomy can achieve initial bile drainage in 50-60% of cases, advanced liver fibrosis and possible progression of liver fibrosis after surgery lead to portal hypertension and cirrhosis. 1, 2 Liver transplantation is performed secondarily when bile drainage is not achieved or when cirrhotic complications affect patients. 3 Thus, liver fibrosis is thought to be an important predictor of outcome for BA patients, for whom long-term survival with the native liver is only achieved in~20%. 2, 3 Although assessment of liver fibrosis is considered to be useful in BA patients, liver histology examinations are generally performed only at the same time as surgical procedures; liver tissue is obtained via surgical wedge biopsy during laparotomy or total hepatectomy during liver transplant surgery; postsurgical liver biopsy examinations for monitoring fibrosis progression are not generally performed. 2 However, we have performed postsurgical liver biopsy examinations to more precisely evaluate native liver status and to determine the optimal timing for liver transplantation, mostly from living donors in Japan, in clinical practice. Because reliable, surrogate, noninvasive liver fibrosis markers in BA patients have been limited, 2 we previously developed a BA liver fibrosis (BALF) score using a retrospective analysis of postsurgical native liver histology examinations. 4 The BALF score was calculated using standard liver test results and age and is a potential liver fibrosis marker in BA patients aged ≥ 1 year; however, the score was unable to predict liver fibrosis in patients aged o1 year. 4 Because some patients require primary or early liver transplantation owing to rapid progression of liver fibrosis, we considered that an available, reliable and noninvasive liver fibrosis marker during infancy would be of great worth. In the current study, we developed a novel noninvasive fibrosis marker for BA patients aged o1 year, subsequent to the previously reported BALF score. This novel fibrosis marker was delineated as the infant BALF (iBALF) score and was validated in an independent population of BA patients.
METHODS
Study population and ethical considerations. The medical records of BA patients at three institutions for pediatric surgery were retrospectively reviewed, and 155 patients from whom native liver specimens had been obtained at o1 year of age between March 1993 and April 2014 were identified. The patients were assigned to either the development cohort (n = 60) or the validation cohort (n = 95), according to the participating institutions: the development cohort derived from Keio University Hospital and Saitama City Hospital, and the validation cohort derived from the National Center for Child Health and Development. We confirmed that the development and validation cohorts did not share the same patient. This study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the ethical committees of all three participating institutions. All of the biopsies and surgeries were performed after obtaining written informed consent.
Liver tissue sampling and histology examinations. During the initial bile drainage surgery, wedge biopsy examinations were performed using surgical resection from the edge of the liver. Postsurgical liver histology examinations were performed in several patients from wedge biopsy specimens during re-laparotomy and from percutaneous liver biopsy specimens of ≥ 1.0 cm in length using an 18-gauge suction needle under ultrasonographic guidance. Explanted livers were obtained during liver transplant surgery and were histologically examined. Histological liver fibrosis stages were based on the documented findings by experienced pathologists at the time liver tissue samples were obtained; if needed, re-evaluation by an experienced pathologist participating in the current study was performed at each institution. For liver fibrosis grading, the Metavir scoring system 5 or the new Inuyama classification 6 was used with the following classifications: F0, no portal fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis with rare septa; F3, numerous septa or lobular distortion without cirrhosis; and F4, cirrhosis.
Data collection and data exclusion. The patients' clinical information and blood test results were collected from the medical records in association with liver histology examinations. The collected clinical information included sex, disease type, history of surgical procedure, age at the time of surgery, age at tissue sampling, and method of tissue sampling. Patients who had a history of splenectomy or partial splenic embolization and those with BA splenic malformation syndrome were excluded. The disease type was determined according to the classification of the Japanese Biliary Atresia Society:
7 atresia at the level of the most proximal part of the common bile duct (type 1), hepatic duct (type 2), and porta hepatis (type 3). The collected blood test results included serum total bilirubin (TB), direct bilirubin, aspartate aminotransferase, alanine aminotransferase, γ-glutamyltransferase (GGT), albumin, and cholinesterase levels; prothrombin time-international normalized ratios; and platelet counts, which had been examined within a few days before liver tissue sampling. The impact of transfusion, cholangitis, and vitamin K deficiency on the blood test results was excluded to the greatest extent possible; if transfusion had been performed or cholangitis had occurred before liver tissue sampling, data preceding transfusion or cholangitis up to 1 month were used, whereas in cases of vitamin K deficiency at the time of initial surgery, data after correction of vitamin K deficiency were used. Cholangitis was defined as fever and serum TB elevation without any other apparent cause, and vitamin K deficiency was defined as coagulopathy that improved soon after vitamin K administration.
Development of the iBALF score. Development of the iBALF score was accomplished using a similar method to BALF score development. 4 To predict the histological fibrosis stage, ordered logistic regression analyses were performed, using the semiquantitative histological fibrosis grading as ordinal data (from F0 to F4) for the dependent variable; the logarithmic values of the collected blood test results and days of age at the time of corresponding histological examination served as the independent variables. To determine the iBALF score equation, significant independent variables and the regression coefficients from the multivariate analysis were used. The constant of the score equation was determined by bringing the cutoff values of the iBALF score for fibrosis prediction close to the previously reported BALF score cutoff values in patients aged ≥ 1 year (2.42 for ≥ F2, 4.12 for ≥ F3, and 5.64 for F4). 4 Assessment of the iBALF score. After determination of the iBALF score equation from the development cohort, the scores were calculated from the development and validation cohort data; the values of the iBALF score were obtained along with the corresponding histological examination results. The diagnostic power of the iBALF score for predicting each fibrosis stage was assessed using a receiver-operating characteristic curve comparing the blood platelet counts and the aspartate aminotransferase-to-platelet ratio index (APRI), which has been the most widely investigated fibrosis marker in BA patients. The APRI was calculated using the following equation: 8 APRI = (aspartate aminotransferase/upper normal limit/platelet counts (10 9 /l)) × 100. The upper normal limit of aspartate aminotransferase was determined according to the age-specific reference intervals for Japan. 9 Assessment of the prognosis at 1 year of age. The prognosis of the patients who participated in the study from the initial surgery (initial bile drainage surgery or primary liver transplantation) was assessed using serial data collection. The prognosis at 1 year of age was investigated as either death before liver transplantation, receiving liver transplantation before 1 year of age, or surviving with their native liver. Among the patients surviving with their native liver at 1 year of age, the earliest blood test results after reaching 1 year of age were collected from the medical records; if transfusion had been performed or cholangitis had occurred before the blood test was performed, the data at 41 month after transfusion or cholangitis were selected. The BALF score that had been developed to predict liver fibrosis stage in BA patients aged ≥ 1 year was then used to evaluate the status of the native liver. The BALF score was calculated using the following equation: Statistical analysis. The categorical and ordinal data are presented as frequencies and were statistically compared using the Fisher exact test. The continuous data are presented as medians (ranges) and were statistically compared using the Mann-Whitney U-test. Correlations between the ordinal and/or continuous data were assessed by the Spearman correlation coefficient (r). For logistic regression analyses, the P value of each independent variable was determined using the Wald χ 2 -value (Wald), which was calculated by squaring the ratio of the regression coefficient divided by its standard error. For receiver-operating characteristic curve analyses, areas under the curve (AUCs) were calculated; an AUC of 1.0 indicates a test of perfect diagnostic power, whereas an AUC of 0.5 indicates no diagnostic power. Differences between AUCs were examined using the DeLong test. The cutoff values were determined as the points that showed high sensitivity and specificity in a balanced manner. P values o0.05 were considered statistically significant. Statistical analyses were performed using SPSS 22.0 software (IBM SPSS, Chicago, IL, USA) and R 3.1.0 software (The R Foundation for Statistical Computing Vienna, Austria; http://www.R-project.org/).
RESULTS
Patient characteristics. We excluded two and three patients with BA splenic malformation syndrome from the development and validation cohorts, respectively. No patient had a history of splenectomy or partial splenic embolization before data collection. One histology examination using percutaneous needle biopsy obtained after the initial surgery from a development cohort patient was inappropriate for evaluation and was excluded from the study. After exclusions, the development cohort included 58 patients and 73 liver histology examinations, and the validation cohort included 92 patients and 117 liver histology examinations. The timing of the patients' participation and tissue sampling in the development and validation cohorts is summarized in Figure 1 . Patient characteristics according to the development and validation cohorts are shown in Table 1 . Significant differences between the development and validation cohorts were found in the frequencies of disease type (P = 0.02) and initial bile drainage surgical procedure (P = 0.03): the validation cohort included more patients with type 3 disease requiring hepatoportoenterostomy. Significant differences regarding liver transplantation before 1 year of age were also found: the validation cohort included fewer patients received primary liver transplantation, and more patients received liver transplantation after bile drainage surgery than in the development cohort (Po0.001). Days of age at the time of liver transplantation were significantly lower in the validation cohort than in the development cohort (P = 0.009).
Liver histology and blood test results. In the development cohort, 10 (13.7%) histology examinations showed a liver fibrosis stage of F1, whereas 19 (26.0%) showed a stage of F2, 20 (27.4%) showed a stage of F3, and 24 (32.9%) showed a stage of F4. In the validation cohort, eight (6.8%) histology examinations showed a stage of F1, 23 (19.7%) showed a stage of F2, 27 (23.1%) showed a stage of F3, and 59 (50.4%) showed a stage of F4. Liver histology examinations and the corresponding blood test results from the development and validation cohorts according to the biopsy examination or liver transplantation are presented in Table 2 . At the time of biopsy examinations, serum direct bilirubin levels were significantly lower and serum albumin levels were significantly higher in the development cohort than in the validation cohort (P = 0.03 and Po0.001, respectively), because the development cohort involved a greater number of needle biopsy examinations, which were performed for patients with a better surgical response than the validation cohort (P = 0.002). At the time of liver transplantation, blood test results were significantly worse in the development cohort than in the validation cohort, indicating different timing of liver transplant surgery between the cohorts.
Determination of the iBALF score equation. The results of the ordered logistic regression analyses in the development cohort are shown in Table 3 . In the univariate analyses, natural logarithms of the blood platelet counts provided the highest significance (Wald = 31.461, Po0.001). In the multivariate analysis, the second significant independent variable was identified as natural logarithms of the serum TB levels using a forward selection method. As the third independent variable, natural logarithms of the prothrombin time-international normalized ratios and days of age were significant; we selected the days of age, because the distribution of the iBALF score approached the distribution of the previously reported BALF score. Finally, natural logarithms of the serum TB levels, blood platelet counts, and days of age at examination were selected as significant independent variables. The iBALF score equation was determined as:
iBALF score = 8+1.185 × Log e [TB (mg/dl)] − 1.882 × Log e [platelet count (10 9 /l)]+1.093 × Log e [age (days)].
iBALF scores according to the liver fibrosis stages. Figure 2 shows the boxplots for the iBALF score and APRI vs. the histological fibrosis stages in the development and validation cohorts. The iBALF score was more strongly correlated with the histological fibrosis stage than the APRI in both cohorts (r = 0.80 and 0.73 in the development and validation cohorts, respectively; Po0.001). Between the Diagnostic power of the iBALF score. Figure 3 shows the receiver-operating characteristic curves of the iBALF score for diagnosing each fibrosis stage, compared with the APRI. In the development cohort, the AUCs of the iBALF score were 0.84 for a fibrosis stage ≥ F2, 0.91 for ≥ F3, and 0.96 for F4 (Po0.001). In the validation cohort, the AUCs of the iBALF score were 0.86 for ≥ F2, 0.90 for ≥ F3, and 0.89 for F4 (Po0.001); the diagnostic power for F4 fibrosis appeared to be worse than in the development cohort. The AUCs of the iBALF score were significantly greater than those of the APRI in diagnosing ≥ F2 (P = 0.03) and F4 (P = 0.01) in the development cohort, indicating more favorable diagnostic power than the APRI; no significant difference was found in diagnosing ≥ F3 in the development cohort and in diagnosing ≥ F2, ≥ F3, and F4 in the validation cohort.
Cutoff value and diagnostic accuracy of the iBALF score. The cutoff values and diagnostic accuracies of the iBALF score for predicting histological fibrosis stages are shown in Figure 1 Timing of the patients' participation and tissue sampling in the development and validation cohorts. The number was counted after excluding two and three patients with biliary atresia splenic malformation syndrome from the development and validation cohorts, respectively.
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Prognosis at 1 year of age according to the iBALF score at the initial surgery. Figure 4 shows the relationships between the iBALF score at the initial surgery and outcomes. The outcomes are presented as the need for liver transplantation before 1 year of age or as the BALF score at 1 year of age as a noninvasive liver fibrosis marker. None of the nine patients with an iBALF score 46 survived with their native liver: five patients in the development cohort underwent liver transplantation as the initial surgery, and four patients in the validation cohort required liver transplantation before 1 year of age. Among the patients who survived with their native liver at 1 year of age, the correlations between the iBALF score at the initial surgery and the BALF score at 1 year of age were not significant in the development (n = 34, r = 0.19, P = 0.29) or validation (n = 31, r = 0.04, P = 0.81) cohorts.
DISCUSSION
The BALF score was the first noninvasive fibrosis marker developed specifically for postsurgical BA patients aged ≥ 1 year; herein, the iBALF score was additionally developed for BA patients aged o1 year. Although the BALF score calculated for patients aged o1 year was previously reported to show apparently high values regardless of the liver fibrosis stages, 4 the iBALF score showed strong correlations with the histological liver fibrosis stages and good diagnostic powers for each fibrosis stage in the development and validation cohorts. The differences between the BALF and iBALF scores in patients aged o1 year were mainly derived from serum GGT level (included in the BALF score) and age (included in both scores), both of which had reverse coefficients in the logistic regression analyses for predicting liver fibrosis stages. Serum GGT elevation was reported to be associated with advanced fibrosis in patients aged ≥ 1 year, 4 but the current study indicated that serum GGT elevation was associated with less-advanced fibrosis in patients aged o1 year. The effects of age on liver fibrosis progression were positive in patients aged o1 year and negative in patients aged ≥ 1 year. 4 Although different equations were needed, we adjusted the iBALF score to have similar values for each fibrosis stage as the previously reported BALF score values in patients aged ≥ 1 year, this will aid in more easily understanding the iBALF scores in comparison with BALF scores, regardless of the age of the child. We suggest that the iBALF and BALF scores can monitor liver fibrosis in a similar manner before and after 1 year of age, respectively. The categorical and ordinal data are presented as the number of patients and were statistically compared using the Fisher exact test. The continuous data are presented as medians (ranges) and were statistically compared using the Mann-Whitney U-test. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ChE, cholinesterase; DB, direct bilirubin; GGT, γ-glutamyltransferase; PT-INR, prothrombin timeinternational normalized ratio; TB, total bilirubin. The categorical and ordinal data are presented as the number of examinations and were statistically compared using the Fisher exact test. The continuous data are presented as medians (ranges) and were statistically compared using the Mann-Whitney U-test.
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For infants with BA at presentation, two types of surgical procedure could be chosen-bile drainage surgery or liver transplantation. There were two reports regarding effects on outcomes after liver transplantation comparing early failure of hepatoportoenterostomy, which was defined as the need for liver transplantation within the first year of life, and primary liver transplantation. Alexopoulos et al. 10 described that early failure of hepatoportoenterostomy adversely affected patient and graft survival rates. Neto et al. 11 reported that early failure of hepatoportoenterostomy had no effect on patient and graft survival, that late failure of hepatoportoenterostomy had a protective effect compared with primary liver transplantation, and that previous hepatoportoenterostomy increased biliary complications and bowel perforations after liver transplantation. Thus, it is important to know which patients can benefit from bile drainage surgery at presentation. In this study, we attempted to reveal the association between the iBALF score at the initial surgery and prognosis using the BALF score at Correlations between the markers and the fibrosis stages were evaluated using the Spearman correlation coefficient (r); *Po0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ChE, cholinesterase; DB, direct bilirubin; GGT, γ-glutamyltransferase; PT-INR, prothrombin time-international normalized ratio; TB, total bilirubin.
1 year of age. The results (Figure 4 ) suggest that BA patients with an iBALF score 46 at presentation might require liver transplantation rather than bile drainage surgery. However, the number of these severely affected patients was small in both cohorts. Except for these severely affected patients, the iBALF score at the initial surgery did not seem to be associated with native liver survival at 1 year of age. There was no correlation between the iBALF score at the initial surgery and the BALF score at 1 year of age among the patients with native liver survival, suggesting that liver fibrosis at the initial surgery had a limited effect on liver fibrosis progression or remission. We previously reported similar data on the actual fibrosis stages in 15 patients aged ≥ 2 years who underwent serial histological examinations at the time of initial surgery and after surgery and who were included in the development cohort of the current study: seven of these 15 patients showed remission of fibrosis, five showed the same fibrosis stage, and three showed progression of fibrosis. 4 We believe that effective postsurgical antifibrotic therapy for BA patients is needed and that noninvasive fibrosis monitoring would be highly valuable in clinical practice and study.
In addition to our previous report, several other studies have proposed noninvasive markers to assess liver fibrosis in BA patients. The APRI, which was originally developed to predict cirrhosis in hepatitis C patients, 8 has been widely investigated in BA patients. Kim et al. 12 described that the correlation coefficient between the APRI and Metavir fibrosis score from 35 patients at the time of hepatoportoenterostomy was 14 described a significant correlation between the APRI and Metavir fibrosis score (r = 0.63, Po0.001) and a good diagnostic accuracy of the APRI for ≥ F3 with 93% sensitivity and 67% specificity. Another noninvasive fibrosis marker, transient elastography (Fibroscan), was more recently investigated to assess liver Figure 4 Relationships between the infant biliary atresia liver fibrosis (iBALF) score at the initial surgery and prognosis. Triangles indicate the patients receiving liver transplantation as the initial surgery. Crosses represent the patients requiring liver transplantation after bile drainage surgery before 1 year of age. The square indicates the patient who died after bile drainage surgery. The patients who survived with their native liver at 1 year of age are expressed by lines between the iBALF score at the bile drainage surgery and the biliary atresia liver fibrosis (BALF) score at 1 year of age. 14, [16] [17] [18] The current study suggests the advantages of the iBALF score over the APRI: stronger correlation with the fibrosis stages and more favorable diagnostic power than the APRI. Unlike the elastography methods, the iBALF score has good accessibilities, such as no need for a special device and simple equation components that allow retrospective calculation.
Validation cohort
Although the current study indicated that the iBALF was a good noninvasive fibrosis marker even in the validation cohort, it has several limitations. First, patients were selected from three institutions, two of which were assigned to the development cohort and one to the validation cohort, resulting in significant differences in patient characteristics and blood test results between the cohorts. BA patients aged o1 year can be divided into three situations: patients before surgery, patients with a good postsurgical course, and patients requiring liver transplantation after bile drainage surgery. Although we intended that the iBALF-scoring system could apply in all situations, needle biopsy examinations for postsurgical patients with good bile drainage were performed at only one of the three participating institutions, thus the sample size was too small. To reflect the data from patients with a good postsurgical course in the iBALF score composition, we assigned the small number of these patients to the development cohort rather than randomly assigning them to the development cohort or the validation cohort. Thus, the relationships between liver fibrosis stage and the iBALF score of patients with a good postsurgical course could not be validated. In addition, there was a probable difference in the timing of liver transplantation between the institutions. Because of serious deceased donor organ shortages in Japan, 19 the timing of liver transplantation using liver allografts from living donors probably reflected the transplantation policy of each institution, resulting in significantly different ranges of the iBALF score in F4 patients between the cohorts and wide overlap in the ranges of the F3 and F4 groups in the validation cohort. The second limitation was general problems in prior studies of noninvasive fibrosis markers using the biopsy examinations as a reference standard: namely, biopsy sampling errors, 20 and observer variability. 21 Subcapsular wedge biopsy examination, which was used in most subjects in the current study, would tend to overestimate liver fibrosis. Thus, the fibrosis stages evaluated based on liver biopsy examinations might have false-positive and false-negative results.
In this study, we developed the iBALF score as a noninvasive surrogate fibrosis marker for BA patients aged o1 year, in addition to the previously developed BALF-scoring system for BA patients aged ≥1 year. Although some concerns remain, the iBALF score was validated to strongly correlate with liver fibrosis stage and to have good diagnostic powers for predicting liver fibrosis. The iBALF and BALF scores may be useful in future clinical studies as surrogate fibrosis markers.
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WHAT IS NEW HERE
✓ We developed a novel noninvasive fibrosis marker for BA patients aged o1 year-the infant BALF (iBALF) score.
✓ The iBALF score was validated to be a good noninvasive marker of native liver fibrosis for BA patients during infancy.
✓ The iBALF and BALF scores can monitor liver fibrosis in a similar manner before and after 1 year of age, respectively. ✓ The BA patients with an iBALF score 46 at presentation had poor outcome on native liver survival at 1 year of age.
